Most spontaneously occurring mutations that cause extensive herpes simplex virus type 1 (HSV-1)-induced cell fusion are single amino acid changes within glycoprotein K (gK). Despite the strong genetic association of gK with virus-induced cell fusion, its direct involvement in cellular membrane fusion has been controversial, largely due to previously unsuccessful efforts to detect gK expression on virion and cellular surfaces. Recently, we showed that gK is expressed on HSV-1 virions and functioned in virus entry (T. P. Foster, G. V. Rybachuk, and K. G. Kousoulas, J. Virol. 75:12431-12438, 2001). To determine whether gK is expressed on cellular surfaces, as well as its membrane topology, we generated the recombinant viruses gKV5DI, gKV5DII, gKV5DIII, and gKV5DIVcontaining insertions of the V5 antigenic epitope within each of four domains of gK predicted to localize either in the cytoplasmic side or in the extracytoplasmic side of cellular membranes. Immunohistochemical and confocal microscopy analyses of infected cells showed that both wild-type and syncytial forms of gK were expressed on cell surfaces. Analysis of the topology of the V5-tagged gK revealed that gK domains I and IV were located extracellularly, whereas domains II and III were localized intracellularly. Transiently expressed gK failed to localize in cellular plasma membranes. In contrast, infection of gKtransfected cells with the gK-null virus ⌬gK enabled expression of gK on cell surfaces, as well as gK-mediated membrane fusion. Transient-coexpression experiments revealed that the UL20 protein enabled cell surface expression of gK, but not gK-mediated cell-to-cell fusion, indicating that additional viral proteins are required for expression of the gK syncytial phenotype.
Viral glycoproteins are key determinants of membrane fusion events throughout the life cycle of herpesviruses. Herpes simplex viruses (HSVs) specify at least 11 glycoproteins: gB, gC, gD, gE, gG, gH, gI, gJ, gK, gL, and gM, which are expressed in infected cells. These glycoproteins function in several important roles, including pH-independent virus entry via fusion of the virion envelope with cellular membranes, egress of infectious virion particles, cell-to-cell spread, and virus-induced cell fusion (31, 40, 43, 44) .
Cell-to-cell transmission of HSV type 1 (HSV-1) occurs either by release of virions to extracellular spaces or through virus-induced cell-to-cell fusion. Wild-type (syn ϩ ) virions spread across cellular junctions of juxtaposed membranes and cause rounding and aggregation of cells, as well as limited virus-induced cell fusion. Certain spontaneous mutants of HSV-1 (syn) can rapidly spread into adjacent cells by inducing the formation of large multinucleated cells or syncytia. Mutations that cause extensive virus-induced cell fusion have been mapped to at least four regions of the viral genome: the UL20 gene (2, 29) , the UL24 gene (21, 42) , the UL27 gene encoding glycoprotein B (gB) (5, 34) , and the UL53 gene coding for gK (3, 8, 35, 41) . However, syncytial mutations (syn) in the UL53 gene are more frequently isolated than in any other gene (3, 4, 8, 10, 35, 36, 38, 41) .
HSV-1 gK is a highly hydrophobic 338-amino-acid protein encoded by the UL53 open reading frame (8, 30) . It has characteristics of a glycosylated membrane protein, including a cleavable 30-amino-acid NH 2 -terminal signal sequence, two potential sites for N glycosylation, and several hydrophobic domains (hpd) (8, 36) . Initially, gK was predicted to have four transmembrane-spanning regions; however, experiments with in vitro-translated gK in the presence of microsomal membranes suggested that gK contained three instead of four membrane-spanning regions (8, 32, 37) . Cleavage of the NH 2 -terminal signal peptide and the addition of carbohydrates at amino acid residues 48 and 58 suggested that the amino-terminal domain (domain I) is an ectodomain (10, 18, 37) . The presence of multiple syncytial mutations within gK implied that gK is expressed on infected-cell surfaces where it could directly be involved in virus-induced cell fusion. However, anti-gK antibodies raised against gK peptides detected gK exclusively within the endoplasmic reticulum and nuclear membranes (20) .
Mutant viruses that are deficient in gK expression have been isolated and characterized for HSV-1, pseudorabies virus (PRV) and varicella-zoster virus. These studies have indicated that gK is important in virion morphogenesis and egress of alphaherpesviruses. Deletion of HSV-1 gK resulted in a small plaque phenotype, reduced the production of infectious virions, and inhibited virion translocation from the cytoplasm to the extracellular space (12, 19, 22, 24, 33) . Interestingly, PRV gK-null virions seemed to be able to reinfect cells immediately after their egress, implying that gK blocked fusion of virions with infected-cell membranes (24) .
Recently, we significantly improved HSV-1 gK detection by generating recombinant viruses expressing gK containing a protein C (protC) epitope tag. Importantly, HSV-1 gK, like other alphaherpesviruses, was shown to be a structural component of purified virions and to function in virion entry (14) . In the present study, we expanded upon these studies by constructing a panel of recombinant viruses expressing gK containing epitope tags within different domains of gK. We experimentally demonstrate that gK is expressed on cell surfaces in a topological orientation similar to that originally predicted by Debroy et al. (8) . Furthermore, we found that the UL20 protein is necessary and sufficient for cell surface expression of gK but not for gK-mediated cell-to-cell fusion.
MATERIALS AND METHODS

Cells and viruses.
African green monkey kidney (Vero) cells were obtained from the American Type Culture Collection (Rockville, Md.). Cells were propagated and maintained in Dulbecco modified Eagle medium (Sigma Chemical Co., St. Louis, Mo.) containing sodium bicarbonate and 15 mM HEPES and supplemented with 7% heat-inactivated fetal bovine serum. The parental wildtype strain used in the present study, HSV-1 (KOS), was originally obtained from P. A. Schaffer (Harvard Medical School). The gK-null virus (⌬gK) was propagated in Vero cells and was as described previously (22) . Virus HSV-1 (KOS) d27-1, which has a 1.6-kb BamHI-StuI deletion of the ICP27 gene, was kindly provided by D. M. Knipe, Harvard Medical School, and was propagated in complementing V27 cells (39) . The UL53-gK protC epitope-tagged virus (gKprotC) was propagated in Vero cells and was as described previously (14) .
Plasmid construction. Plasmid pSJ1723, which contains gK-flanking sequences corresponding to the UL52 and UL54 (ICP27) genes to facilitate homologous recombination with viral DNA, was as described previously (22) . The 14-aminoacid V5 epitope (GKPIPNPLLGLDST; Invitrogen/Life Technologies, Carlsbad, Calif.) was inserted in frame within gK domains I, II, III, and IV at sites predicted not to significantly affect the secondary structure of gK (Fig. 1) . The recombinant gK genes coding for the epitope-tagged gKs were constructed by using PCR-based splice-overlap extension methodology as described previously except that either HSV-1 KOS gK or HSV-1 KOS gKsyn20 DNA was used as a template (14) . The KOS gKsyn20 DNA specifies a single amino acid substitution at amino acid 40 of gK (Ala to Val) that results in extensive virus-induced cell-to-cell fusion. Wild-type UL53 gK genes specifying a V5 epitope tag within domain I, II, III, or IV were cloned into plasmid pSJ1723, generating plasmids pTFgKV5I, pTFgKV5II, pTFgKV5III, and pTFgKV5IV, respectively. Similarly, the syn20 UL53 gK genes specifying a V5 epitope tag within domain I, II, III, or IV were cloned into plasmid pSJ1723, generating plasmids pTFgKsyn20V5I, pTFgKsyn20V5II, pTFgKsyn20V5III, and pTFgKsyn20V5IV, respectively. Alternatively, gK genes containing tags were engineered to have a 5Ј Kozak consensus sequence (A at position Ϫ3 of the ATG initiation codon) for optimal translation just prior to the start codon and cloned into pcDNA3.1 TOPO for eukaryotic expression (27) . Plasmids pCMVgKV5DI, pCMVgKV5DIII, and pCMVgKV5DIV specify a V5 tag within domains I, III, or IV, respectively, whereas plasmid pCMVgKsyn20V5DI specifies both a V5 epitope tag within domain I and the syn20 mutation. Plasmid pCMV-UL20 contains the UL20 (KOS) open reading frame under the cytomegalovirus (CMV) immediate-early promoter in pcDNA3.1TA-TOPO (Invitrogen). Plasmid pCMV-gD was described previously (13) . Plasmid pcDNA3-gB/gD was a gift from A. Minson (University of Cambridge, Cambridge, United Kingdom).
Construction of recombinant viruses that specify V5 epitope tags within gK. The plasmids that specified the V5 epitope tag and the gK-flanking sequences corresponding to the UL52 and UL54 (ICP27) genes were used to facilitate homologous recombination with viral DNA. Recombinant viruses gKV5DI, gKV5DII, gKV5DIII, and gKV5DIV specifying tags within domains I, II, III, and IV, respectively, were constructed by rescuing the mutant virus d27-1 (KOS) as shown previously (14, 22) . Recombinant viruses gKsyn20V5DI, gKsyn20V5DII, gKsyn20V5DIII, and gKsyn20V5DIV were as described above except that they contained the syn20 gK mutation. Putative recombinant virus isolates were plaque purified and extensively tested by PCR and DNA sequencing for the presence of contaminating d27-1 virus and the engineered epitope-tagged gKs.
One-step growth kinetics. Analysis of one-step growth kinetics was essentially as described previously (14) . Briefly, each virus at a multiplicity of infection (MOI) of 5 was adsorbed to ca. 8 ϫ 10
5 Vero cells at 4°C for 1 h. Thereafter, prewarmed media was added, and virus was allowed to penetrate for 2 h at 37°C. Any remaining extracellular virus was inactivated by low-pH treatment (0.1 M glycine, pH 3.0). Cells and supernatants were harvested immediately thereafter (0 h) or after 4-, 8-, 12-, or 24-h incubations. Virus titers were determined by endpoint titration of virus stocks on Vero cells.
Western analysis of gK expression. Subconfluent Vero cell monolayers were infected with gKprotC-DIII at an MOI of 5. At 48 h postinfection (hpi) cells were collected by low-speed centrifugation, washed with Tris-buffered saline (TBS), and lysed at room temperature for 15 min in mammalian protein extraction reagent supplemented with a cocktail of protease inhibitors (Invitrogen/Life Technologies). Insoluble cell debris was pelleted, and samples were treated with endoglycosidase H (Endo-H) or peptide-N-glycosidase F (PNGase F) as described previously (14) . Samples were electrophoretically separated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, and probed with anti-protC monoclonal antibody HPC-4 at a 1:50 dilution (ATCC CRL HB-9892). Subsequently, blots were incubated for 1 h with a peroxidase-conjugated secondary antibody at a 1:50,000 dilution and then visualized on X-ray film by chemiluminescence (Pierce Chemicals, Rockford, Ill.) (11, 14) . All antibody dilutions and buffer washes were performed in TBS supplemented with 0.135 M CaCl 2 and 0.11 M MgCl 2 (TBS-Ca/Mg).
Confocal microscopy. Vero cell monolayers grown on coverslips in six-well plates were infected with the indicated virus at an MOI of 10. At 12 hpi, cells were washed with TBS and fixed with electron microscopy-grade 3% paraformaldehyde (Electron Microscopy Sciences, Fort Washington, Pa.) for 15 min, washed twice with phosphate-buffered saline-50 mM glycine, and permeabilized with 0.1% Triton X-100. Monolayers were blocked for 1 h with 5% normal goat serum and 5% bovine serum albumin in TBS (TBS blocking buffer) before incubation for 5 h with either fluorescein isothiocyanate (FITC)-conjugated anti-V5 (Invitrogen) or anti-gB (Rumbaugh-Goodwin Institute, Plantation, Fla.) diluted 1:500 in TBS blocking buffer. Cells were then washed extensively and subsequently incubated for 1 h with a mixture of Alexafluor 488-conjugated anti-immunoglobulin G (IgG) and Alexafluor 488 anti-FITC (Vector Laboratories, Burlingame, Calif.) diluted 1:500 in TBS blocking buffer for FITC-conjugated anti-V5 or Alexafluor 488-conjugated anti-IgG diluted 1:500 for anti-gB. After incubation, excess antibody was removed by washing five times with TBS. In order to visualize the Golgi apparatus, cells were stained with a 1:1,500 dilution of AlexaFluor 594-conjugated lectin GS-II from Griffonia simplicifolia (Molecular Probes). Cell surface and Golgi-specific staining was visualized by using AlexaFluor 594-conjugated wheat germ agglutinin (WGA). For colocalization of gB with gK, an IgG1 isotype anti-gB antibody (Rumbaugh-Goodwin Institute) was labeled with AlexaFluor 568 by using zenon technology according to the manufacturer's directions (Molecular Probes). Sections were labeled with this antibody at a 1:500 dilution. The nucleus was counterstained with TO-PRO-3 iodide (1:5,000 dilution) and visualized in the blue channel. Cells were examined by using a Leica TCS SP2 laser-scanning microscope (Leica Microsystems, Exton, Pa.) fitted with a ϫ100 Leica objective lens (Planachromatic; 1.4 numerical aperture). Individual optical sections in the z axis, averaged eight times, were collected simultaneously in the different channels at a 512-by-512 pixel resolution as described previously (28) . Images were compiled and rendered in Adobe Photoshop.
Immunohistochemistry. Vero cell monolayers in six-well plates were infected with the indicated virus at an MOI of 5 and then incubated at 37°C for 12 h. Infected monolayers were washed with TBS-Ca/Mg and either fixed with electron microscopy-grade 3% paraformaldehyde or left unfixed (live). Immunohistochemistry was performed by utilizing the Vector Laboratories Vectastain Elite ABC kit essentially as described in the manufacturer's directions. Briefly, cells were washed with TBS-Ca/Mg and incubated in TBS blocking buffer supplemented with normal horse serum at room temperature for 1 h. After a blocking step, cells were reacted with anti-V5 antibody (1:500) in TBS blocking buffer for 2 h, washed four times with TBS blocking buffer, and incubated with biotinylated horse anti-mouse antibody. Excess antibody was removed by four washes with TBS-Ca/Mg and subsequently incubated with Vectastain Elite ABC reagent for 30 min. Finally, cells were washed three times with TBS-Ca/Mg, and reactions were developed with NovaRed substrate (Vector Laboratories) according to the manufacturer's directions.
Transfection and transfection-complementation assay. Subconfluent Vero cells in six-well plates were transfected with the indicated plasmids utilizing the Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's directions. At 16 h posttransfection (hpt) cells were either infected with ⌬gK virus at an MOI of 3 or left uninfected. The infections were incubated for 12 h at 37°C, and the cells were then processed as indicated for immunohistochemistry.
For transient-coexpression experiments, gKDIV5 was cotransfected at 1:1 ratio with either pCMVUL20 or pcDNA3-gB/gD. The cell surface expression of gK was assessed at 36 hpt by immunohistochemistry of live cells.
RESULTS
Construction and characterization of HSV-1 recombinant viruses containing an in-frame epitope tag within each of the four putative gK domains. At least 11 HSV-1 syncytial mutants have mutations within the UL53 gene encoding gK (3, 10) . Despite the strong genetic association of gK with virus-induced cell fusion, previous reports indicated that HSV-1 wild-type and syncytial gKs were detected exclusively within the endoplasmic reticulum and nuclear membranes and not on the plasma membranes of infected cells, eliminating a direct role of gK in membrane fusion (20) . Recently, we detected HSV-1 gK as a structural component of purified virions by using a protC-tagged gK and demonstrated that gK functioned in virus entry (14) . This finding suggested that gK might also be expressed on cell surfaces, where it may function in virus-induced cell fusion. Unfortunately, the protC epitope tag was not efficiently detected in immunofluorescence or immunohistochemical assays. In order to facilitate the detection of gK, we generated a series of viruses that specified the V5 epitope tag within each of the four previously defined domains of gK ( Fig.  1 ) (14) . The recombinant gK genes coding for the epitopetagged gKs were constructed by using PCR-based splice-overlap extension methodology as described previously (14) and cloned into plasmid pSJ1723, generating plasmids pTFgKV5I, pTFgKV5II, pTFgKV5III, and pTFgKV5IV. These plasmids contained gK-flanking sequences corresponding to the UL52 and UL54 (ICP27) genes to facilitate homologous recombination with viral DNA (22) . Recombinant viruses gKV5DI, gKV5DII, gKV5DIII, and gKV5DIV were constructed by rescuing the mutant virus d27-1 (KOS) (39) , which has a lethal deletion within the UL54 gene specifying the immediate-early protein ICP27 as detailed previously (12, 14, 22) . Putative recombinant virus isolates were plaque purified and tested by PCR and DNA sequencing for the presence of contaminating d27-1 virus and the engineered epitope-tagged gK (not shown).
To evaluate whether insertion of the epitope tags within gK affected the replication of recombinant HSV-1 viruses in vitro, one-step replication kinetics for each of the recombinant viruses were analyzed relative to the wild-type KOS virus. Vero cells were inoculated with each virus and at the designated time points, infected monolayers were harvested, and the virus titers were determined by endpoint dilution of virus stocks on Vero cells (Fig. 2) . All recombinant viruses exhibited replication kinetics similar to that of wild-type KOS virus, as evidenced by the final slopes of their virus production kinetics. Furthermore, the plaque morphology of each virus was indistinguishable from that of the parental KOS virus (data not shown). Similarly, insertion of the V5 tags within gK carrying the syn20 mutation (Ala 40 -to-Val 40 ) did not affect either the replication kinetics of these recombinant viruses or the syncytial plaque morphology in comparison to their parental virus KOS (gKsyn20). These results indicated that insertion of the V5 epitope tag within the tagged gK regions did not significantly affect the structure and function of gK with regard to virus replication, cell-to-cell spread, and virus-induced cell fusion.
Golgi-dependent glycosylation and cell surface expression of gK. Previously, it was shown that HSV-1 gK exclusively localized to the rough endoplasmic reticulum (RER) and did not contain peripheral carbohydrates, which are normally added in the Golgi apparatus (20) . To assess the level of Golgi-dependent glycosylation and distribution of gK in infected cells, we characterized gK tagged with the protC tag or the V5 tag inserted within domain III in Western analyses or immunofluorescence assays, respectively. The level of Golgi-dependent glycosylation of gK in infected cells was assessed in Western analyses optimized for the detection of highly glycosylated gK species (Fig. 3) . Vero cells were infected with HSV-1 gKprotC virus, and cellular extracts were prepared at 24 hpi and were (Fig. 3, lane 2) . Treatment of cellular extracts with PNGase F, which cleaves most carbohydrates from both underglycosylated and fully glycosylated glycoproteins, resulted in the appearance of a new gK species of 29 to 31 kDa, whereas the 23-and 25-kDa proteins remained unaffected (Fig. 3, lane 3) . These results clearly demonstrated that gK was processed by Golgi enzymes to fully glycosylated forms resistant to Endo-H treatment.
To visualize and compare the cellular distribution of gK and gB within infected cells, Vero cells were infected with the gKV5DIII virus, and these glycoproteins were detected by confocal immunofluorescence microscopy with anti-V5 and anti-gB antibodies, as well as specific Golgi apparatus and plasma membrane markers, including lectin GS-II, which specifically stains the Golgi apparatus (45) and WGA, which stains both cell surfaces and the Golgi apparatus (7) (Fig. 4) . gK was detected throughout the cytoplasm, as well as on the surface of infected cells (Fig. 4A2, B2, and D2) . The GS-II Golgi marker stained the Golgi apparatus as punctate-appearing structures in the cytoplasm of infected cells (Fig. 4A3 ). In agreement with the Endo-H and PNGase results cited above, gK colocalized within the Golgi apparatus with lectin GS-II (Fig. 4A4) . Lectin WGA efficiently stained both Golgi and plasma membranes of infected cells (Fig. 4B3 and C3) . Superimposition of the gKspecific fluorescence onto the WGA-specific fluorescence clearly showed that gK and WGA colocalized both in Golgi membranes and on cell surfaces (Fig. 4B4) . The cell surface colocalization was detected on the juxtaposed (demarcated by arrowheads) but not on noncontacting cellular surfaces (demarcated by arrows). A similar cellular distribution was observed for gB (Fig. 4C1 to C4) , which localized to both Golgi and plasma membranes (Fig. 4C4 ) and was used in these experiments as an additional reference standard. Both gB and gK are intimately involved in virus-induced cell fusion, inasmuch as single amino acid replacements of both proteins are known to cause extensive cell fusion. Costaining experiments showed that gB and gK colocalized throughout the infected cells and, particularly, at contacting cell surfaces (Fig. 4D1 to D4 ), indicating that gK localizes to similar cellular membranes and cellular organelles as HSV-1 gB.
Conclusive detection of gK on cell surfaces requires the restriction of anti-V5 antibody reactivity to gK portions exposed on the extracellular side of cellular membranes. Previously, we used immunohistochemical assays to isolate monoclonal antibody-resistant mutant viruses (mar) by selecting nonreacting viruses under live cellular conditions (26, 34) . We employed a similar, but improved immunohistochemical methodology to detect gK on plasma membranes of live cells, as well as within fixed and permeabilized cells. Cleavage of the aminoterminal 30 amino acids and the addition of carbohydrate residues at amino acids 48 and 58 of gK predict that the amino-terminal domain I of gK is an ectodomain that should localize to extracellular spaces, if gK is expressed in plasma membranes of infected cells. Furthermore, the gK syn20 mutation (Ala 40 -to-Val 40 ), which is located within domain I, causes extensive cell fusion also implying that gK domain I is exposed to extracellular spaces, where it could be involved in gK-mediated cell fusion. Therefore, we investigated whether gK and gKsyn20 tagged with the V5 epitope within domain I could be detected on cell surfaces. Vero cells were infected with either gKV5DI (Fig. 5A1, A2 , B1, and B2) or gKsyn20V5DI (Fig. 5C1, C2 , D1, and D2) viruses and incubated in the presence (Fig. 5A2, B2 , C2, and D2) or absence (Fig. 5A1, B1 , C1, and D1) of 5 g of tunicamycin (TM)/ml at 37°C. TM inhibits the transfer of carbohydrate residues to the backbone polypeptide onto Asn-X-Ser/Thr sites of proteins in the RER and, thus, prevents protein transport out of the endoplasmic reticulum to Golgi and plasma membranes (6, 46, 47) . Immunohistochemical assays were performed on either live infected cells (Fig. 5A1, A2 , C1, and C2) or paraformaldehyde-fixed and Triton X-100-permeabilized cells (Fig. 5B1,  B2 , D1, and D2) prepared at 12 hpi. HSV-1 gK localized to cell surfaces in both the wild type (Fig. 5A1)-and syn20 (Fig.  5C1) -infected live cells, whereas there was no gK detected within plasma membranes of infected live cells treated with TM ( Fig. 5A2 and C2) . Furthermore, treatment of syn20-infected cells with TM inhibited cell fusion (Fig. 5C2 ) and caused blocking of gK to perinuclear regions of infected cells (Fig. 5B2  and D2) .
Determination of the cell surface membrane topology of gK. HSV-1 gK was initially predicted to contain four hpd capable of transversing cellular membranes (8) . This predicted orientation placed both the gK amino and carboxyl termini on the extracellular or luminal sides of cellular membranes. However, more recently, Mo and Holland (32) concluded on the basis of in vitro-transcribed and -translated deletion, insertion, and truncation mutants of gK that gK contained three active transmembrane regions. This gK arrangement placed domains I and III of gK on the extracellular or luminal side of cellular membranes, whereas domains II and IV were located on the cytoplasmic side of cellular membranes. To ascertain which of the two models accurately depicted the gK arrangement in infected-cell membranes, we determined the molecular topography Cells were fixed and processed for confocal microscopy; panels show staining with anti-V5 (green: A2, A4, B2, B4, D2, and D4), anti-gB (green: C2 and C4), or anti-gB (red: D3 and D4) antibodies at 12 hpi. Cellular organelles were counterstained with TO-PRO3 to specifically stain the nucleus (blue: A4, B4, C4, and D4) and with either lectin GS-II, which specifically stains the Golgi apparatus (red: A3 and A4), or lectin WGA to label Golgi and plasma membranes (red: B3, B4, C3, and C4). Immunohistochemical analysis indicated that wild-type HSV-1 gK domains I and IV were exposed on extracellular surfaces ( Fig. 6A1 and A4, respectively), whereas domains II and III were not accessible to the antibody, suggesting that they localized intracellularly ( Fig. 6A2 and A3, respectively) . Similarly, gKsyn20 domains I and IV were detected on the extracellular surfaces ( Fig. 6C1 and C4, respectively), whereas domains II and III were not detected on cell surfaces ( Fig. 6C2 and C3 , respectively). HSV-1 gK could be clearly detected in permeabilized cells infected with all epitope-tagged recombinant viruses (Fig.  6B1 to B4 and D1 to D4). As expected, there was no immunohistochemical staining produced by wild-type HSV-1 KOSor MP (syn20)-infected cells, which served as negative controls (Fig. 6A5, B5 , C5, and D5).
Cell surface expression of gK requires viral functions. Previous attempts to incorporate gKsyn20 into a virus-free cell fusion system were not successful, indicating that perhaps gK required additional viral proteins or other viral functions for transport to cellular membranes and expression of its syncytial properties (13, 25) . Therefore, we investigated whether plasma membrane expression of gK could be induced after infection of transfected cell surfaces by immunohistochemistry. Subconfluent Vero cells were transfected with the indicated plasmids and incubated at 37°C for 16 h. Thereafter, the cells were left uninfected (Fig. 7A1, A2, B1, B2, C1 , C2, D1, and D2) or were infected with the gK-null virus ⌬gK (Fig. 7A3, B3 , C3, and D3) and incubated at 37°C for an additional 12 h. Live cells (Fig.  7A1, B1 , C1, D1, A3, B3, C3, and D3) or fixed and permeabilized cells (Fig. 7A2, B2 , C2, and D2) were immunohistochemically stained with anti-V5 (Fig. 7A, B, and D) or anti-gD (Fig.  7C) antibodies to determine cell surface localization of gK or gD, respectively. All transfections produced similar transfection efficiencies and levels of glycoprotein expression (Fig.  7A2, B2 , C2, and D2). In contrast to gK epitope-tagged HSV-1-infected cells, neither gK domain I (Fig. 7A1 ) nor gK domain IV (data not shown) could be detected on cell surfaces when expressed in the absence of viral infection. Similarly, the gKsyn20 tagged with V5 in domain I was not detected on the plasma membrane (Fig. 7D1) . As expected, both the cytoplasmically localized V5-tagged gD and gK domain III were not detected on surfaces of transfected cells (data not shown and Fig. 7B1, respectively) . In contrast, anti-gD antibody readily detected gD on transfected cell surfaces (Fig. 7C1) , indicating that gD did not require any viral functions for cell surface expression.
Next, we investigated whether plasma membrane expression of gK could be induced after infection of transfected cells with the gK-null virus, ⌬gK. HSV-1 gK tagged within domains I was readily detected on cell surfaces after infection with ⌬gK (Fig.  7A3) , whereas gK and gD tagged intracellularly with V5 were not detected on cell surfaces (Fig. 7B3 and data not shown,  respectively) . Similarly, infection of gKsyn20-transfected cells with ⌬gK virus resulted in detection of gKsyn20 on cell surfaces. Importantly, cell surface expression of gKsyn20 was associated with extensive cell fusion (Fig. 7D3) . These results indicate that plasma membrane expression of gK and the gKassociated syncytial phenotype requires the presence of virally encoded functions.
Expression of the PRV UL20 protein enhanced PRV gK intracellular transport and Golgi-dependent glycosylation (9) . To investigate whether HSV-1 UL20 enabled cell surface expression of gK, Vero cells were cotransfected with either individual plasmids for control purposes or with combinations of two different plasmids. Coexpression of UL20 with either gKV5DI or gKsyn20V5DI enabled efficient detection of gK on transfected cell surfaces ( Fig. 8A2 and B2 ). However, cell surface expression of the gKsyn20V5DI did not cause any cell-to-cell fusion (Fig. 8B2) . As expected, gKV5DIII was not detected on cell surfaces when cotransfected with UL20 (Fig.  8D) , since the V5 epitope inserted in gK domain III is localized intracellularly. Coexpression of gB/gD with gK failed to transport gK to cell surfaces ( Fig. 8A3 and B3) . As a positive control, gD was detected on cell surfaces by using anti-gD antibody (Fig. 8E ) and was not dependent on UL20 for cell surface localization as shown in Fig. 7C1 . Control transfections with the UL20 plasmid alone did not produce any cell surface signal (Fig. 8C) .
DISCUSSION
Most spontaneous mutations that cause virus-induced cell fusion are single amino acid changes in gK. Furthermore, gK syncytial mutants cause fusion of a broader range of cell types in comparison to syncytial mutations found in gB or elsewhere in the viral genome. Despite the well-defined genetic association of gK with cellular membrane fusion phenomena, the function of gK in these events has remained elusive since its discovery in 1985 (8) , largely due to lack of appropriate immunological reagents necessary for its characterization. Early reports that gK could not be detected in virions and on infected-cell surfaces further complicated the role of gK in virusassociated membrane fusion (20) . Recently, we constructed a recombinant virus specifying an antigenic epitope within gK and demonstrated that gK was a structural component of the HSV-1 virion functioning in virion entry into susceptible cells (14) . In the present study, we focused on determining whether wild-type and syncytial forms of gK are expressed on infected- FIG. 6 . Topological arrangement of wild-type and syn20 gK domains on virus-infected-cell surfaces. Vero cells were infected with gKV5DI (A1 and B1), gKsyn20V5DI (C1 and D1), gKV5DII (A2 and B2), gKsyn20 V5DII (C2 and D2), gKV5DIII (A3 and B3), gKsyn20V5DIII (C3 and D3), gKV5DIV (A4 and B4), gKsyn20V5DIV (C4 and D4), KOS (A5 and B5), or MP (C5 and D5) at an MOI of 5. At 12 hpi, infected cells were immunohistochemically processed under either live (A1 to A5 and C1 to C5) or fixed and permeabilized (B1 to B5 and D1 to D5) conditions with anti-V5 antibody.
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at Penn State Univ on April 15, 2008 jvi.asm. org FIG. 7 . Transport of gK to cell surfaces and gK-mediated cell fusion require additional viral functions. Vero cells were transfected with plasmids expressing gKV5DI (A1 to A3), gKV5DIII (B1 to B3), gKsyn20V5DI (D1 to D3), and gDV5 (C1 to C3). At 16 hpt, cells were either mock infected (A1, B1, C1, D1, A2, B2, C2, and D2) or infected with ⌬gK (A3, B3, C3, and D3). At 12 hpi, infected cells were immunohistochemically processed under either live (A1, B1, C1, D1, A3, B3, C3, and D3) or fixed and permeabilized (A2, B2, C2, and D2) conditions with anti-V5 antibody (A1 to A3, B1 to B3, and D1 to D3) or anti-gD (C1 to C3).
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cell surfaces, thereby enabling their direct involvement in membrane fusion. In addition, we compared the topological arrangement of wild-type and syncytial gK in plasma membranes to assess whether syncytial mutations significantly altered the plasma membrane topology of gK. We demonstrate here that (i) insertion of 13-amino-acid antigenic epitopes within each of the four gK domains does not significantly affect the structure and function of gK, (ii) gK is expressed on infected-cell surfaces, (iii) gK expression on cell surfaces is required for gK-mediated cell fusion, (iv) gK assumes a membrane topology that places the amino and carboxyl termini in the extracellular spaces while domains II and III are located in the cytoplasm, (v) coexpression of the UL20 protein is necessary and sufficient for gK cell-surface expression, and (vi) additional viral functions are required for expression of the syncytial phenotype of gK, since coexpression of UL20 enabled FIG. 8 . Coexpression of the UL20 protein enables transport of gK to cell surfaces but not gK-mediated cell-to-cell fusion. Vero cells were transfected with either individual plasmids or combinations of plasmids. Transfections with individual plasmids were as follows: pCMV-gKV5DI (A1), pCMVgKsyn20V5DI (B1), pCDNA3-gB/gD (E), and pCMVUL20 (C). Transfections with combinations of plasmids were as follows: pCMV-gKV5DI ϩ pCMVUL20 (A2), pCMVgKsyn20V5DI ϩ pCMVUL20 (B2), pCMV-gKV5DIII ϩ pCMVUL20 (D), pCDNA3-gB/gD ϩ pCMV-gKV5DI (A3), and pCDNA3-gB/gD ϩ pCMVgKsyn20V5DI (B3). Cell surfaces of transfected cells were stained under live conditions with anti-V5 antibody for detection of gK, except for the cells shown in panel E, which were stained with anti-gD antibody for the detection of gD.
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HSV-1 gK LOCALIZES TO INFECTED CELL SURFACES 507 cell surface expression of gK but not gK-mediated cell-to-cell fusion. Localization of gK within Golgi and plasma membranes. We clearly demonstrate here that gK is expressed within Golgi and plasma membranes of infected cells. However, it was previously shown with rabbit anti-peptide antibodies that gK was exclusively localized in the perinuclear spaces of infected cells and contained immature carbohydrates added in RER, indicating that gK was not transported to the Golgi apparatus (20) . It is possible that anti-peptide antibodies used in these studies detected only immature forms of gK (high-mannose precursors) that were localized in the perinuclear spaces of cells. Furthermore, because gK is a ␥2 viral protein (8) , relatively low levels of gK will be expressed at early times after infection (9 to 12 hpi), further limiting its detection. Finally, anti-peptide antibodies may not react with their targeted epitopes because these epitopes are masked by fully processed gK interactions with one or more viral or cellular proteins.
Immunohistochemical and confocal analysis confirmed that gK was expressed within Golgi and plasma membranes of virus-infected cells with a distribution similar to that of gB, which is also a principal player in virus-induced cell fusion. Both wild-type and syncytial gK (gKsyn20) were efficiently expressed on infected-cell surfaces, indicating that the syn20 mutation did not appreciably alter cell surface expression of gK. Therefore, it is likely that both gB and gK function in the fusion of plasma membranes via direct interaction with apposed membranes. The preferential localization of gK in juxtaposed cellular membranes further supports a direct role of gK in cellto-cell fusion.
The finding that gK is expressed in the Golgi apparatus, as well as on cell surfaces, suggests that gK may function in post-Golgi virion transport and egress. This is in agreement with our previous findings that truncated or mutated gK caused accumulation of virions within cytoplasmic vesicles and drastic inhibition of virus spread (12) . It remains to be investigated whether the cytoplasmic vesicles, which contained gK-null virions, are Golgi apparatus derived.
Cell surface-expressed gK may recirculate to the trans-Golgi network in a manner analogous to other herpes glycoproteins. Indeed, gK domain II, predicted to localize within the cytoplasm, contains a YXX⌽ motif, which is known to function in internalization and Golgi-targeted retrieval of surface proteins. In this regard, it is notable that mutagenesis of the tyrosine residue of this motif caused a gK-null phenotype (12) . It remains to be tested whether modification of the YXX⌽ motif causes substantial inhibition of gK internalization and/or significant alteration of cell surface distribution, especially in polarized cells. In this context, it has been suggested that expression of gK in PRV-infected cells may prevent reinfection of extracellularly found virions by inhibiting fusion between viral envelopes and the plasma membrane. This conclusion was based on the use of a gK-null PRV mutant, which seemed to allow the reentry of virions found in the extracellular spaces (24) . HSV-1 gK, by virtue of the fact that it is expressed on cell surfaces, may act in a similar manner to inhibit virus reentry into infected cells.
Topological arrangement of gK domains in plasma membranes. Insertions of the 13-amino-acid V5 epitope tag within the four different sites of gK did not appreciably affect virus replication or phenotypic properties. Furthermore, insertion of the epitope tags in gK carrying the syn20 gK mutation did not alter the ability of gK to cause extensive virus-induced cell fusion. These results suggest that gK possesses multiple functional domains that are topologically and functionally distinct. For example, the extracellular domains I and IV may function in virus-induced cell fusion and virion entry, whereas domains II and III may function in glycoprotein transport and virion egress, as suggested by site-directed mutagenesis and deletion analysis of gK (12, 14) .
The initial prediction of the secondary structure of gK suggested the presence of four membrane-spanning domains (8) . Subsequent studies utilizing in vitro-translated gK, which contained truncations, as well as in-frame deletions of putative transmembrane regions, showed that gK domain III localized to luminal or extracellular sides of membranes, whereas domain IV was a cytoplasmic domain. This gK membrane topology was particularly appealing because it placed all syncytial mutations in gK in the extracellular spaces. These results were based on membrane protection experiments of gK carrying in-frame deletions of either hpd1 and hpd2 or hpd1, hpd2, and hpd4 (32) . It is likely that deletion of these membrane-spanning domains caused substantial alteration of gK's structure, leading to entrapment of the truncated gK within the lumen of the microsomal membranes. It is also possible that hpd3 can only act as a membrane-spanning region in the presence of hpd2. These conclusions are corroborated by additional evidence obtained in our laboratory that gK carrying a deletion of hpd4 did not localize to cell surfaces (data not shown), implying that this truncated gK may be substantially misfolded and entrapped in the RER (T. P. Foster and K. G. Kousoulas, unpublished results). Immunohistochemical detection of V5-tagged gK expressed during infection conclusively demonstrates that domains I and IV assumed an extracellular orientation, whereas domains II and III were oriented toward the cytoplasm (Fig. 9 ). This gK orientation places the syncytial mutations within gK domain III in the cytoplasm. Furthermore, the syn20 mutation did not alter gK membrane topology, since both the syn20 and wild-type gKs assumed the same topological orientation. Recalculation of the hydrophobic and membrane-spanning potential of all hpd's by using the SPLIT, TMPred, and SOSUI computer algorithms (15, 16, 23) resulted in slight adjustments of the membrane-spanning domains ( Fig. 1 and 9 ), but otherwise the gK topography was largely in agreement with the original prediction that gK had four hpd's (8) . Interestingly, the syncytial mutations syn30 and syn103 (3, 4, 32) are contained within the new hpd4 membrane-spanning region. Therefore, these mutations must function indirectly by perturbing fusogenic domains of gK presumably located extracellulary. It is likely that domain I directly participates in membrane fusion phenomena because it contains the majority of the known syncytial mutations. Preliminary evidence in our laboratory indicates that domain IV may also regulate membrane fusion between the viral envelope and cellular membranes during entry. This conclusion stems from the observation that mutant virus ⌬gKhpd4, which carries a deletion of the 13-amino-acid carboxyl tail of gK, is defective in virus entry, although it exhibits replication and cell-to-cell transmission characteristics similar to those of its parental wild-type virus (G. V. Rybachuk, T. P. Foster, and K. G. Kousoulas, unpublished data).
Requirements for cell surface expression of gK. Transient expression of gK after transfection of cells indicated that gK was unable to be expressed on cell surfaces in the absence of viral infection, despite high levels of gK expression relative to those achieved during viral infection. Infection of transfected cells with a gK-null virus resulted in efficient translocation of gK to the plasma membrane, as well as substantial gK-mediated cell-to-cell fusion. Similarly, transient coexpression of the UL20 protein enabled efficient cell surface localization of gK but not gK-mediated cell fusion. Therefore, the UL20 protein was necessary and sufficient for gK transport to plasma membranes of transfected cells but not for gK-mediated membrane fusion, indicating that additional viral functions are required for expression of the gK syncytial phenotype. These results are in agreement with recent findings that the PRV UL20 protein enhanced Golgi-dependent processing of PRV gK (9) . There is substantial scientific precedence for the coordinate expression and localization of glycoproteins in herpesvirus-infected cells. For example, glycoprotein H requires heterodimer formation with gL for proper transport and cell surface expression (17) . Glycoproteins gE and gI form multimers that affect the membrane targeting of gI (1) . Therefore, the UL20 protein may physically interact with gK and facilitate gK intracellular transport and cell surface expression, suggesting that the UL20 protein is also localized to plasma membranes.
Fundamental questions about the role of gK in multiple virus-associated membrane fusion events occurring during virus entry, virus-induced cell fusion, and intracellular virion transport remain unanswered. Is gK a membrane fuser or a modulator of membrane fusion caused by other glycoproteins such as gB and the gH/gL heterodimer? Development of a virus-free membrane fusion system, which incorporates the syncytial phenotypes of both gB and gK, would help define fundamental mechanisms that govern alphaherpesvirus glycoprotein-mediated membrane fusion phenomena. In this regard, the inability of syncytial gK to cause cell-to-cell fusion in the absence of viral infection explains previous findings that syncytial gK did not enhance cell fusion in the virus-free cell fusion assay when coexpressed with gB, gH/gL, and gD (13, 25, 48) or with the UL20 protein (Foster and Kousoulas, unpublished) . Elucidation of additional molecular partners of gK necessary for expression of its syncytial phenotype may ultimately enable the generation of both gB-and gK-specific virusfree cell fusion systems. 
